This paper reports on the first demonstration of an ultra-high resolution (~371 pW/Hz 1/2 ) uncooled infrared (IR) detector based on a high frequency (136 MHz) Aluminum Nitride (AlN) piezoelectric resonant micro-plate completely released from the substrate and supported by two nanoscale Platinum (Pt) anchors. For the first time, fully metallic tethers were employed to support the freestanding vibrating body of a piezoelectric resonator and provide electrical connection to it (the device anchors are conventionally defined in the piezoelectric layer). Such innovative design, with minimum anchor cross section, enabled the implementation of an uncooled resonant thermal detector with ultra-high thermal resistance (~10 
INTRODUCTION
The interest in uncooled IR detectors based on Micro/NanoElectro-Mechanical Systems (MEMS/NEMS) resonator technologies is steadily growing due to their potentially ultra-high resolution and unique advantages in terms of size and cost, compared to conventional cryogenically cooled semiconductor photon detectors [1] [2] [3] [4] [5] . The most important parameters that ought to be considered for the design and optimization of uncooled and miniaturized thermal detectors are the device sensitivity to absorbed radiation, the noise performance and the ease of readout (especially crucial for focal plane array implementations). All these three fundamental challenges are addressed in this work with the experimental demonstration of a novel micromechanical resonant structure that, by taking advantage of advanced material properties and innovative device engineering, is characterized by a unique set of application enabling features, such as: (a) high sensitivity, due to excellent isolation from the heat sink (enabled by the large thermal resistance associated with the nanoscale metal anchors); (b) ultra-low noise performance, due to the intrinsic high Q of the resonant device (enabled by the improved confinement of acoustic energy in the resonant body of the device by using nanoscale metal anchors); (c) ease of readout, due to the excellent piezoelectric transduction properties of AlN at micro and nano scale which enables the use of a low power and self-sustained CMOS oscillator as direct frequency readout.
DESIGN AND FABRICATION
A high performance resonant IR detector is composed of a high quality factor, Q, MEMS resonator whose resonance frequency is highly sensitive to IR radiation [4] . When IR radiation is absorbed by the resonant structure, the temperature of the device increases (because of the large thermal resistance of the structure) resulting in a shift in resonance frequency due to the temperature coefficient of frequency (TCF) of the piezoelectric resonator [3] . The temperature rise of the resonator due to the incident IR power is given by:
where η is the absorption coefficient of the resonator, Q p is the incident IR radiation power, G th is the thermal conductance, C th is the thermal capacity, and ω is the angular frequency of the incident IR radiation. When the incident IR radiation is constant, or slowly changing over time (ω ≈ 0), the temperature rise of the resonator is directly proportional to the thermal resistance, R th , between the resonant body and the heat sink. Therefore, the implementation of a resonant structure extremely well isolated from the heat sink is crucial for the achievement of high temperature rise factor, thus high responsivity of the IR detector. The thermal isolation of a resonant thermal detector is mainly determined by the thermal resistance associated with the tethers connecting the freestanding vibrating body of the device to the substrate. In the case of a piezoelectric MEMS resonator, such anchors are conventional composed of a relatively thick piezoelectric layer (directly patterned in the same device layer forming the vibrating body of the resonator) and a relatively thin metal layer employed to route the electrical signal to the electrode placed on top or bottom (depending on the device design) of the freestanding piezoelectric body of the resonator [6] . By completely removing the relatively thick piezoelectric material from the anchors, hence minimizing their thicknesses (ultimately limited by the need of a thin metal layer for electrical routing), maximum thermal isolation of the device resonant body from the heat sink would be readily achieved. Furthermore, the increased acoustic impedance associated with such metal tethers with minimum cross section would act to reduce the energy loss through the device anchors (the acoustic energy would be well confined in the resonant body of the device) which has been identified as a significant source of quality factor, Q, degradation in piezoelectric MEMS resonators operating below 1 GHz [7] . According to these considerations, a new device concept, based on the use of fully metallic nanoscale tethers to support the resonant body of a piezoelectric MEMS resonator, is introduced in this work as an innovative design solution to maximize the thermal resistance and the electromechanical performance of piezoelectric MEMS resonant thermal detectors. The core of the proposed piezoelectric resonant uncooled thermal detector is an AlN piezoelectric resonant micro-plate (working at a higher order contour-extensional mode of vibration employing a lateral field excitation scheme [6] ) completely released from the substrate and supported by two nanoscale Platinum (Pt) anchors. Figure 1 shows the 3-dimensional representation of the proposed AlN micro-plate resonator with fully metallic nanoscale anchors: the freestanding vibrating body consists of a 450 nm thick AlN piezoelectric layer sandwiched between a 100 nm thick gold (Au) film as top electrically floating electrode and a 100 nm thick Platinum (Pt) bottom inter-digital transducer (IDT); two nanoscale Pt tethers (100 nm thick, 3~6 µm wide and 22 µm long) are employed to support the piezoelectric resonant body and provide electrical connection to it.
Figure 2: Schematic illustration of the CMOS amplifier and Scanning Electron Microscopy (SEM) images of the fabricated AlN resonator with nanoscle metal anchors: L = 200 μm, W = 75 μm and W 0 = 25 μm.
Such piezoelectric resonant micro-plate with nanoscale metal anchors is directly connected in the feedback loop of a selfsustaining CMOS amplifier as direct frequency readout [8] . The schematic illustration of the CMOS amplifier is shown in Figure 2 : the circuit consists of a Pierce oscillator implemented by a CMOS inverting amplifier and a 50 Ω buffer stage. The design of the CMOS circuit is fully described in [9, 10] . The AlN resonant uncooled thermal detector was fabricated using a 4-mask post-CMOS compatible microfabrication process [11] , while the CMOS circuit was taped out in the ON Semiconductor 0.5 µm CMOS process. The fabricated AlN resonator was directly wire-bonded to the CMOS chip, forming the first complete and compelling prototype of a high performance MEMS-CMOS resonant thermal detector.
EXPERIMENTAL RESULTS
The effectiveness of the proposed design solution was verified with the fabrication and characterization of 17 AlN resonators employing different anchor configurations and operating at two different frequencies as listed in the table in Figure 3 . The electrical response of each device was measured by an Agilent E5071C network analyzer after performing an open-short-load calibration on a standard substrate and the mechanical quality factor was extracted by modified Butterworth-Van Dyke (MBVD) model fitting (Figure 3-a) . The thermal resistance, R th , of each resonator was estimated by 3-dimensional Finite Element Method (FEM) simulation using CMOSOL Multiphysics (Figure 3-b) . The details of the 3D COMSOL simulations are described in [12] . The experimental characterization and the FEM analysis of the 17 fabricated devices indicate that both the mechanical quality factor and the thermal resistance of the AlN resonator were simultaneously improved by a large extent when fully metallic nanoscale Pt anchors were employed: R th was improved by one order of magnitude (from ~10 4 to ~10 5 k/W) and an average Q M improvement of ~92% at 136 MHz and ~28% at 222 MHz was recorded. Such simultaneous improvement in both mechanical quality factor and thermal resistance is crucial for the implementation of ultra-sensitive and low-noise MEMS resonant IR detectors.
Figure 3: (a) Experimentally extracted mechanical quality factor values of 17 resonators employing different anchor configurations and operating at two different frequencies: solid bars represent the Q M of devices employing fully metallic Pt anchors while shaded bars represent the Q M of devices with conventional Pt/AlN anchors. The anchor width for each device is listed in the table (the anchor length and thickness are 22 µm and 100 nm for all the resonators). (b) Finite Element Method (FEM) simulated thermal resistance, R th , of the same 17 resonators.

Figure 4: Measured admittance curve versus frequency and modified Butterworth-Van Dyke (MBVD) model fitting of the fabricated AlN resonator with nanoscale metal anchors. The relatively low value of loaded quality factor, Q L , is due to the large electrical resistivity of the deposited Pt thin-film (~5X the bulk value). Values of Q L comparable to Q M could be achieved by optimizing Pt deposition or exploring the use of different metals.
Maximum Q M and R th were achieved for the 136 MHz design employing 3 µm wide Pt anchors. Therefore, this device configuration was employed for the demonstration of a complete prototype of MEMS-CMOS IR detector. The mechanical quality factor Q M and electromechanical coupling coefficient k t 2 were extracted by MBVD fitting and found to be ~3133 and ~1.86%, respectively (Figure 4 ). Such high electromechanical performance (Figure of Merit FOM = k t 2 ·Q M ≈ 58) enabled the use of a compact and power efficient CMOS oscillator as direct frequency readout. The thermal resistance of the device was estimated by 3D FEM simulation and found to be ~5. 5 × 10 5 K/W (Figure 5-a) , which is one order of magnitude higher than what typically achieved with conventional AlN resonator with AlN/Pt anchors [4] . The temperature distribution across the AlN resonant body was also simulated by applying an input power of 500 nW to the top Au plate of the resonator (simulating IR absorbed power). A maximum temperature rise of ~274.3 mK at the center of the resonant microplate and a maximum temperature difference of ~5.5 mK across the length of the resonator were recorded, translating into a relative temperature variation of only ~2% (Figure 5-b) . The achievement of such uniform temperature distribution across the AlN resonant body was enabled by the large thermal resistance of the anchors and the relatively low thermal resistance of the AlN micro-plate. The temperature coefficient of frequency (TCF) of the AlN resonator with nanoscale Pt anchors was measured using a temperature controlled RF probe station and a TCF of -27.8 ppm/K was recorded. The frequency sensitivity of the AlN resonant device to absorbed radiation was calculated by multiplying the measured frequency sensitivity to temperature (~ -3788 Hz/K) by the simulated R th (~5.5 × 10 5 K/W), resulting in an absolute responsivity of ~2.1 Hz/nW, which is one order of magnitude higher than the one achieved with conventional resonators employing AlN/Pt anchors [8] . The resonator was directly wire-bonded to the CMOS chip, forming a self-sustained piezoelectric MEMS-CMOS oscillator. In order to characterize the limit of detection of the sensor, the short term frequency stability of the oscillator output signal was characterized by measuring its Allan deviation [13] . The frequency measurements were taken with an Agilent 53230A frequency counter ( Figure 6) . A minimum Allan deviation of ~4. 5 ) by the absolute value of the responsivity (2.1 Hz/nW), and found to be ~371 pW/Hz 1/2 . Such NEP is one order of magnitude lower than the one achieved with uncooled IR detector based on the same AlN technology but employing conventional AlN/Pt anchors [8] , and 2~4X better than commercially available pyroelectric detectors [14] . The frequency response of the device prototype to IR radiation was characterized using a Bruker Vertex 70 FTIR and Hyperion microscope, shown in Figure 7 . A broadband IR radiation from a Tungsten Halogen lamp (0.25 µm -100 µm) was optically filtered (0.33 µm -2.8 µm transmission) and chopped (6.25 Hz) before it was coupled into a Hyperion microscope used to focus the light onto the resonant body of the device. The frequency response of the MEMS-CMOS oscillator was monitored using an Agilent 53230A frequency counter. The measurement was performed in air. The measured output frequency response of the AlN piezoelectric MEMS-CMOS oscillator to near infrared (NIR) radiation is shown in Figure 8 . Despite the fact that no specific IR absorbing element was integrated with the AlN resonator, an absolute frequency shift of ~ 500 Hz was recorded when the device was exposed to NIR radiation. Such IR radiation induced frequency shift translates into an absorbed NIR power of ~238 nW (minimal IR absorption due to the intrinsic material loss), considering the device absolute responsivity of 2.1 Hz/nW. A thermal time constant of ~20 ms was also experimentally recorded. 
CONCLUSION
This paper demonstrates a new device concept, based on the use of fully metallic nanoscale tethers to support the resonant body of a piezoelectric MEMS resonator, which enables the implementation of piezoelectric MEMS resonators with maximum thermal resistance and quality factor. Such innovative design, with minimum anchor cross section, enabled the implementation of an uncooled resonant thermal detector with unprecedented performance: (1) the thermal resistance of the device was maximized (R th ~ 5.5 × 10 5 K/W, more than 10X improvement compared to conventional piezoelectric resonators) resulting in a very high frequency sensitivity to absorbed power (~2.1 Hz/nW). (2) The acoustic energy was effectively confined in the freestanding resonant body of the device resulting in excellent electromechanical performance (mechanical quality factor Q M ~ 3133 and electromechanical coupling coefficient k t 2 ~ 1.86%) and ultra-low frequency noise (~0.78 Hz/Hz 1/2 ). Thanks to such unique combination of high sensitivity and low noise performance, an ultra-low detection limit of ~371 pW/Hz 1/2 was achieved (2~4X better than commercially available pyroelectric detectors). Furthermore, by taking advantage of the high resonator figure of merit (FOM=k t 2 ⋅Q≈58.3) a low power (~11 mW) self-sustained CMOS oscillator was employed as direct frequency readout resulting in the first complete and compelling prototype of a high performance MEMS-CMOS resonant thermal detector with detection limit pushed in ~100s pW/Hz 1/2 range.
